Abstract-This paper reports the demonstration of an ultralow-power micro-electromechanical system (MEMS)-CMOS oscillator for strain sensing, powered by a miniature piezoelectric vibration energy harvester (VEH). The employment of the Pierce oscillator topology in a MEMS-CMOS oscillator allows for the minimization of the power requirement to as low as 1.1 µW under ideal conditions. A VEH prototype, developed with hard lead zirconate titanate on a stainless steel substrate (∼0.4-cm 3 practical operational volume), is able to deliver a typical average power of 187 µW at 11.4 ms −2 and 514 Hz. Some of the practical challenges associated with the integration of the harvester and the MEMS sensor have also been explored, which helps to lay the foundation for realizing net-zero-power strain sensors.
I. INTRODUCTION
A UTONOMOUS self-powered sensor systems are of increasing interest for a variety of contexts in wireless condition and structural health monitoring applications [1] . Some of the key enabling components for these self-sustaining systems include the development of low power oscillator circuits for sensors and real-time clock applications, low power MEMS (micro-electromechanical system) sensors for measurement of environmental conditions, high power density energy harvesters and efficient power conditioning and power management systems. There is a potential to realise a self-sustaining smart monitoring system when these elements are combined. This paper demonstrates an ultra-low power MEMS resonant strain sensor enabled by a miniature piezoelectric vibration energy harvester; and explores some of the integration challenges involved.
MEMS resonators have been previously employed as transducers in accelerometers, gyroscopes, strain sensors, electrometers, mass sensors etc. The advantage of these MEMS sensors include low power consumption, high sensitivity and potential economies of scale similar to conventional semiconductors. Additionally, the possibility of low power front-end interface circuit [2] , [3] for these resonators has broad applicability to a Manuscript received June 12, 2015 ; revised August 12, 2015 ; accepted September 13, 2015 . Date of publication September 16, 2015 ; date of current version December 10, 2015 . This work was supported by the Engineering and Physical Sciences Research Council under Grant EP/K000314/1 and Grant EP/L010917/1. The associate editor coordinating the review of this paper and approving it for publication was Prof. Kazuaki Sawada.
The authors are with the Nanoscience Centre, University variety of sensing contexts. This would enable ultra low power operation for both the MEMS sensors as well as the interface circuit in order to read out useful sensor measurements. Amongst the three major mechanical-to-electrical transduction mechanisms, piezoelectric transducers are most suitable for miniature vibration energy harvesting (VEH) in order to recover ambient kinetic energy [4] . This is due to the low power density of its electrostatic counterparts as well as the poor downwards scaling of electromagnetic generators. The current state-of-the-art piezoelectric VEH has been reported to provide peak power of up to a few hundreds of microwatts per centimetre cube, per g of acceleration; while PZT (lead zirconate titanate) is the most popular bulk piezoelectric material due to its high charge constant [4] , [5] .
For MEMS piezoelectric VEH, AlN and ZnO have been the conventional choice despite their lower strain constants [5] , [6] , due to complexity in fabrication for incorporating PZT in MEMS-compatible fabrication process [7] , [8] . Nonetheless, sol-gel PZT [7] , deposited aerosol PZT [9] or thinned bulk PZT [10] have witnessed integration into either MEMS fabrication or miniature assembly. This paper reports the investigation of incorporating bulk soft piezoelectric ceramic and hard piezoelectric ceramic onto a stainless steel substrate in order to realise a miniature high power density vibration energy harvester suitable for sustaining MEMS sensors.
From the literature, integrated vibration powered wireless sensor systems have been demonstrated with both miniature electromagnetic VEH [11] and MEMS piezoelectric VEH [12] . Additionally, certain sensing systems such as temperature sensors and acceleration sensors have been incorporated into such VEH-enabled wireless systems [13] .
The development of self powered strain sensors in particular, for structural health monitoring applications, have been highlighted for ensuring the operational safety and asset management of the civil infrastructure [14] , [15] . However, conventional foil gauges and vibrating wire gauges typically consume electrical power in the order of 100's mW, which significantly diverges from what is practically achievable by the state-of-the-art of VEH [5] .
While previous literature on self-powered strain sensors can be found [15] , [16] , these systems have been designed as a basic piezoelectric resonator acting as both the generator and the sensor, which lacks the sensitivity and reliability of dedicated strain sensors. By combining both the ultra low power operation of MEMS-CMOS oscillators for strain sensing and miniature piezoelectric vibration energy harvesting, 1530-437X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. an integrated self-powered high accuracy strain sensor can thus be realised. The device reported in this paper demonstrates a sensor that consumes several orders of magnitude lower power than the most power efficient foil gauges [17] , while achieving several orders of magnitude higher sensitivity than the most sensitive foil gauges [18] ; thus, making it possible to sustain the operation of the strain measurement system purely by ambient kinetic energy recovered by a miniature vibration energy harvester.
II. VIBRATION ENERGY HARVESTER
The harvester (∼0.4 cm 3 practical volume), with the stack of material outlined in figure 1 , was constructed from a PZT square plate of 10 mm side length and 0.25 mm thickness. Practical volume is defined by the volume required to accommodate the oscillatory vibration of the harvester. The final prototype consisted of a layer of brittle PZT attached to a 50 μm thick stainless steel substrate in order to enhance its ability to accumulate high strain energy without fracturing. An estimated 1.7 grams of solder was added as the proof mass to improve the power responsiveness.
The natural frequency ω 0 for a cantilever beam with added mass can be defined by equation 1 [19] .
where, k is the stiffness constant, m is the effective seismic mass of the resonator, E is the elastic modulus, w is the width of the cantilever, h is the effective thickness of the composite beam, m b is the mass of the beam, m l is the end mass and l is the effective length of the cantilever resonator. Piezoelectric layers, when mechanically strained, induces electrical charges q, which is represented in equation 2 and the attainable power can be estimated by equation 3 [20] . where, d 31 is the piezoelectric charge constant in the 31 mode, ε av is the average strain experienced by the piezoelectric transducer, E is the elastic modulus of the piezoelectric material, a pz is the active piezoelectric area, P is the peak power, ω is the frequency, h p is the thickness of the piezoelectric layer, ε 0 is the permittivity of free space and ε r is the dielectric constant of the piezoelectric material. Two types of PZT materials from APC International Ltd. were investigated for suitability as a vibration energy harvester. One is a soft piezoelectric ceramic PZT-855, also dubbed as Navy VI and the other is hard piezoelectric ceramic PZT-840, also dubbed as Navy I. Selected properties of the two piezoelectric materials are listed in table I.
It can be seen that PZT-855 has a significantly higher charge constant than PZT-840. Therefore charge generated per newton of force for PZT-855 should theoretically be higher. However, PZT-840 is more brittle than PZT-855 and therefore fractures at smaller strain levels. However, in the absence of a substrate material, both the soft and hard PZT are too brittle for the purpose of vibration energy harvesting. PZT-855 easily fractures during handling in the absence of a substrate. PZT-840 without an additional substrate layer fractured when subjected to less than 0.1 g of vibration. Even with the addition of a stainless steel substrate, PZT-855 cracked on the substrate. Figure 2 shows these 3 preliminary iterations of cantilever prototypes that were not sufficiently robust for the purpose of vibration energy harvesting (VEH). Figure 3 presents the final iteration of the miniature piezoelectric VEH prototype that incorporated the 250 μm Final piezoelectric vibration energy harvester prototype using PZT-840 on stainless steel substrate. hard PZT-840 onto a 50 μm stainless steel substrate. Approximately 2 mm of the square PZT plate was sacrificially overlapped onto the substrate as part of the anchor. This resultant device remained intact within the tested acceleration range of up to ∼1.2 g of vibration at its fundamental mode resonant frequency.
An off-the-shelf power conditioning board was employed to rectify and regulate the harvester AC power: EHE004 from MIDE Technology, which incorporates LTC3588-1 from Linear Technology and has a 200 μF on-board storage capacitor. The power conditioning board was configured to deliver a regulated 1.8 V DC supply (V dc ) when the voltage across the storage capacitor (V ca ) has charged up to 4.0 V. This regulated supply can be maintained until V cap drops below 3.0 V.
Experimental power output values of the VEH are given in figure 4 and table II. The peak and average power were measured across a matched resistance of 80 k at the natural frequency of 514 Hz. By varying the resistive load feeding off the regulated 1.8 V supply from the EHE004 and monitoring the voltage variations across the storage capacitor, the conditioned power was determined.
On average, when the voltage across the storage capacitor was in the range of 3.5 V to 4.5 V, the power conversion efficiency (conditioned power/matched average power) was in the order of 20%. This efficiency increased up to 40% when the V cap was in the vicinity of 8.0 V. This demonstrated the effect of varying impedance as the storage capacitor is charged up. However, a significant proportion of the power is lost due to both unmatched impedance in the power conditioning circuit and storage as well as the diode threshold required to operate the full bridge rectifier in the LTC3588-1 chip. The later can be evidenced by the zero output conditioned power at low acceleration levels when the harvester voltage V ac does not attain the bare minimum rectifier diode threshold.
III. MEMS STRAIN GAUGE
A micro-fabricated double-ended tuning fork (DETF) resonator, based on previous work from the group [21] - [24] and illustrated in figure 5 , was employed as the strain gauge. The MEMS chip, packaged within a chip carrier, was attached to the test beam of a strain calibration apparatus using an adhesive. The test apparatus was designed based on [22] and is illustrated in figure 6 . As the strain of the test beam is varied by a micrometere, the transferred strain to the DETF structure induces a shift in its resonant frequency. Therefore, through measuring the frequency shift of the DETF resonator Frequency-strain characterization of the MEMS strain gauge: ∼92 Hz/με. and calibrating the strain sensitivity of the MEMS sensor, the applied mechanical strain can be extrapolated.
The DETF resonators reported in this paper consists of two identical beams with dimensions of 350 μm in length, ∼4 μm in width and 40 μm in thickness. Parallel-plate electrostatic transducers with 2 μm electrode gap are utilised for driving and sensing. The resonators are fabricated on a SOI wafer and are integrated into a wafer-level vacuum package. The DETF resonator is driven using one parallelplate electrode and the motional current is measured from the other electrode by a trans-impedance amplifier. The measured quality factor is approximately 16,000.
The MEMS-CMOS oscillator is based on a Pierce topology due to its simplicity and potential for power minimisation with gain provided by a single transistor [3] . Oscillator interface circuit was fabricated in a 0.35 μm CMOS technology and electrically packaged together with the DETF resonator as shown in figure 7 . The applied mechanical strain onto the structure to which the MEMS sensor is attached, translates to a frequency signal output from interface circuit. Therefore, the resultant shift in resonant frequency can be monitored. Figure 8 illustrates a typical frequency-strain relationship characterized using the strain calibration apparatus. The deflection induced by the micrometre was used to analytically calculate the bending strain at the particular point along the cantilever beam.
The power requirement of the MEMS-CMOS oscillator is shown in table III. Although the devices themselves consumes only 1.89 μW at a supply voltage of 1.8 V, a significant Fig. 9 . Photograph of MEMS-CMOS oscillator and PZT vibration energy harvester prototype. Fig. 10 . Schematic of the experimental apparatus used to characterize the vibration-powered MEMS strain sensor. amount of power is practically dissipated by the load capacitance of the cabling required to monitor and read out the frequency signal on the oscilloscope. The exact additional power dissipation from this parasitic source depends on the length (capacitance) of the cable. However, for a future iterations of integrated system with on-board sensor readout, this issue can be minimised from the reduced loading.
IV. INTEGRATION
The MEMS-CMOS oscillator, PZT VEH and the power conditioning board are shown in figure 9 . The experimental apparatus used for the integration test is outlined in figure 10 . The harvester was driven by a vibration shaker while the MEMS strain gauge was attached to a beam whose mechanical strain can be altered by the strain calibration apparatus shown in figure 6 .
Despite the notably diminished power efficiency from the off-the-shelf power conditioning circuit as shown in table II, the conditioned power levels achievable at around 1 g of acceleration is already sufficient to practically sustain the MEMS-CMOS oscillator, while also accounting for the significant additional power drain due to the cable loading required to monitor the sensor output on an oscilloscope (table III) . Figure 11 illustrates an example where the MEMS-CMOS oscillator switches on when the storage capacitor in the power conditioning circuit has been charged up by the VEH; and when the sensor system switches off as the vibrational input is removed and the storage capacitor is drained.
A dip in V cap can be seen as the MEMS-CMOS oscillator is switched on (figure 11) and starts to drain power from the 1.8 V DC source provided by the power conditioning circuit. In this instance, the conditioned power harvested from the vibration input is more than the power usage of the MEMS-CMOS oscillator (including the additional power dissipation from cable loading). Therefore, the V cap continues to increase, albeit at a slower rate than before the sensor was switched on.
As the V cap falls below 3 V, V dc is no longer able to sustain the 1.8 V regulated DC supply and voltage levels off towards zero. At first, the MEMS-CMOS oscillator remains functional (frequency output), while its own signal voltage also decreases corresponding to its supply voltage V dc . However, the sensor signal is switched off after V dc drops below ∼0.6 V. Figure 12 expands on figure 11 during operating conditions and illustrates examples of the vibration powered MEMS strain sensor with varying strain conditions on the beam structure within the strain calibration apparatus. The MEMS oscillator was calibrated to have a sensitivity of ∼92 Hz per microstrain. The variation in the induced strain in the test beam, manually operated through the strain calibration apparatus, was successfully monitored by the vibration powered MEMS strain sensor.
Channel 2 shows the regulated 1.8 V DC output supplied from the power conditioning circuit to the MEMS-CMOS oscillator. Channel 4 monitors the voltage across the storage capacitor V cap . Channel 3 outputs the signal from the MEMS-CMOS oscillator. The frequency of the Channel 3 signal corresponds to the resonant frequency of the doubleended tuning fork resonator under a particular strain condition. Taking 246.67 kHz as the starting zero strain condition, various strain gauge measurements were taken as shown in the figures.
V. CONCLUSION AND FUTURE WORK
This paper has demonstrated a MEMS strain gauge and CMOS interface circuit powered up by a miniature piezoelectric vibration energy harvester (VEH). Despite the reduced power efficiency of the off-the-shelf power conditioning circuit (81 μW from 187 μW at 11.4 ms −2 ), the conditioned power from the VEH was sufficient to power up the ultralow power sensor (1.89 μW) as well as account for the significant additional power dissipation from cable loading (as high as ∼60 μW).
Future work will involve the optimisation of VEH parameters to increase the attainable power level; as well as potential incorporation of various nonlinear vibration phenomena [25] , [26] , to maximise the power efficiency from broadband vibration that is more representative of a larger variety of environments requiring structural health monitoring. The development of dedicated power conditioning circuits are required to improve the conversion efficiency of the harvested raw AC power into a stable DC source. Furthermore the supply voltage and loading capacitance can be minimised by boardlevel and chip-level integration, in order to reduce the actual power consumption by the circuit. 
